Pentosan polysulphate sodium (PPS) is a promising therapeutic agent for blocking knee pain in individuals with knee osteoarthritis (KOA). The mode of action of PPS in this context is unknown. We hypothesised that the osteocyte, being the principal cell type in the subchondral bone, was capable of expressing the pain mediator Nerve Growth Factor (NGF), and that this may be altered in the presence of PPS. We tested the expression of NGF and the response to PPS in the presence or absence of the proinflammatory cytokine tumour necrosis factor-alpha (TNFα), in human osteocytes. For this we differentiated human primary osteoblasts grown from subchondral bone obtained at primary knee arthroplasty for KOA to an osteocyte-like stage over 28d. We also tested NGF expression in fresh osteocytes obtained by sequential digestion from KOA bone and by immunofluorescence in KOA bone sections. We demonstrate for the first time the production and secretion of NGF/ proNGF by this cell type derived from patients with KOA, implicating osteocytes in the pain response in this pathological condition and possibly others. PPS inhibited TNFα-induced levels of proNGF secretion and TNFα induced NGF mRNA expression. Together, this provides evidence that PPS may act to suppress the release of NGF in the subchondral bone to ameliorate pain associated with knee osteoarthritis.
Introduction
Osteoarthritis of the knee (KOA) is a common and painful condition, for which the first line of management is the prescription of analgesics to control pain. The aetiology of KOA is incompletely understood but is known to be associated with the increased expression of proinflammatory mediators, including tumour necrosis factor alpha (TNFα) and interleukin 1-beta a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
(IL-1β) [1] . These are thought to stimulate the localised production of cartilage-degrading enzymes, such as matrix metallopeptidase (MMP) family member-13 (MMP-13). After exhaustion of nonoperative management options, KOA is ultimately treated by performing a total knee arthroplasty (TKA), in which the diseased joint is replaced by a prosthesis. Patient reported pain is the major indicator for TKA [2] .
Bone is a well innervated tissue, with bone sensory neurons deriving solely from the dorsal root ganglia of the spinal cord [3] . The secreted neurotropic protein beta-Nerve Growth Factor (NGF) is a major contributor to pain in a number of chronic conditions, including KOA [4] [5] [6] . Furthermore, NGF mRNA expression is known to be induced by both TNFα and IL-1β in an experimental mouse model of osteoarthritis [7] . NGF binds to at least two receptors expressed by neurons, tropomyosin receptor kinase A (TrkA) and the pan-neurotropin receptor p75/NTR, where it can have diverse biological effects, either promoting neuronal growth or causing neuron apoptosis, depending on whether the neuron also expresses the co-receptor, sortilin [8] . A neutralising antibody treatment that sequesters NGF, tanezumab1, has yielded promising results in the treatment of pain associated with KOA [1, [4] [5] [6] , consistent with NGF being both a key readout and a mediator of pain for this condition. NGF is first translated as a pro-protein form (proNGF), which is post-translationally processed (proteolytically cleaved) to the mature form by the action of furin or furin-like pro-protein convertases [8] . Currently, the accurate detection of soluble NGF levels using commercially available enzyme linked immunosorbent assays (ELISAs) is problematic due to the influence on readouts of proNGF; if present, proNGF interferes with the readouts of a number of commercially available ELISA kits in an unpredictable fashion, in terms of both the magnitude and the direction (increase or decrease) of the effect [9] . It is therefore necessary to defer quantitative assessment to the levels of proNGF [9] .
Pentosan Polysulphate Sodium (PPS) is an FDA-approved drug for the treatment of interstitial cystitis and bladder pain syndrome, with an excellent safety profile [10] . It is currently being tested for its efficacy as a treatment for KOA with promising results [11, 12] . The mode of action of PPS appears to be multi-factorial, and includes replenishment of the glycosaminoglycan (GAG) layer in the case of its effect in interstitial cystitis, as well as effects on intracellular signalling, in particular the nuclear factor kappa-B (NFκB) [13] and the IL-1β-iNOS [14] pathways in chondrocytes. Importantly, KOA is a disease of the entire joint, with changes to the sub-chondral bone, as well as to the synovium and cartilage [1] . The contribution of each tissue to disease progression and to the associated pain is incompletely understood. In advanced KOA, there is nearly complete degradation of the cartilage with a paucity of healthy chondrocytes remaining. This suggests that mediators of pain may derive to a significant extent from the underlying sub-chondral bone. The most numerous cell type in hard bone tissue is the osteocyte, and these cells are increasingly recognised as the key controlling cell type in many local and systemic physiological processes [15, 16] . In conditions associated with osteoarthritis, the osteocyte is involved in the inflammatory, osteolytic response to implantderived wear particles [17] and also elicits impressive pro-inflammatory responses to bacteria in the condition of periprosthetic joint infection [18] .
We hypothesised that osteocytes are capable of producing NGF in the inflammatory milieu of the subchondral bone in KOA and that PPS may act by inhibiting this production. To test this hypothesis, we examined the expression of NGF in freshly isolated human primary osteocytes. We then tested the effects of PPS on the responses of human primary osteocyte-like cultures, differentiated from the proximal tibiae of patients suffering from advanced KOA and undergoing TKA. Treatment with recombinant TNFα was used as the proinflammatory stimulus, and the effects on the relative expression of NGF mRNA was examined. ProNGF protein levels were also determined. We show for the first time that human osteocytes are capable of producing NGF, suggesting that they potentially contribute to localised pain responses. We also show that PPS suppresses NGF mRNA transcription and proNGF secretion by osteocytes and reverses the stimulatory effects of TNFα on these processes. Together, our findings suggest a hitherto unknown role for osteocytes in the pain response and a mechanism for the pain benefit in KOA patients taking PPS.
Materials and methods

Ethical statement
All studies with human patient derived material were covered by pre-existing ethics committee approval by the Human Research Ethics Committees of the Royal Adelaide Hospital (Approval No. 130114) and Calvary Health Care Limited (Approval No. 13-CHREC-E006). All donor material was obtained with written informed patient consent.
Donors and osteocyte-like cells
In order to represent the clinical relevance of the findings from this study, the effects of PPS were to be tested on osteocyte-like cultures [17, [19] [20] [21] [22] [23] derived by differentiation in vitro for a period of 28 days from cells isolated from the subchondral bone of the proximal tibia of three patients with advanced knee OA who underwent total knee arthroplasty (TKA) surgery (KOA). To examine potential differences with non-OA bone, cells were also isolated from the proximal femur of three patients who underwent total hip arthroplasty (THA) for neck of femur fracture (NOF). The gender of all donors was female, and groups were age-matched, with the mean age of KOA being 77.0 ± 8.5 years and that of the NOF group being 77.7 ± 5.5 years (p = 0.91). Cryopreserved cells from each donor (all at passage 0 or 1) were thawed and cultured for 10 days in T75 cm 2 tissue culture flasks. Once confluent, cells were removed by collagenase/dispase digestion, washed by centrifugation, counted and adjusted to 5 x 10 5 cells/ml. Cells were then seeded into either 12-well tissue culture trays or into 8-well chamber slides, at 1 x 10 5 and 2 x 10 4 cells/well, respectively. After 24h, media were replaced with osteogenic differentiation medium, consisting of αMEM, 5% v/v foetal calf serum (FCS), 1.8 mM potassium dihydrogen phosphate (KH 2 PO 4 ), 100 μM Ascorbate-2-phosphate (As2P), 10 mM HEPES, 1 x 10 −8 M Dexamethasone and 0.2 mM L-Glutamine. During the differentiation process, samples were collected at days 3, 14 and 28 in Trizol reagent for total RNA preparation and gene expression analysis (see below). Cultures seeded into chamber slides were examined for in vitro mineralisation using the Alizarin Red staining technique, as previously described [22] .
PPS and TNFα treatments
PPS (bene pharmaChem GmbH & Co. KG, Geretstried, Germany) was dissolved in sterile PBS as a stock solution at 1.0 mg/ml. Differentiated cells were either untreated or pre-treated with final concentrations of PPS at 1, 5 or 50 μg/ml in culture medium for 72h. The tested doses of PPS were based on the effective and maximally active levels published in a previous study [24] . Media were then replaced with the same concentrations of PPS with or without the addition of recombinant human (rh) TNFα (1 ng/ml) and then cultured for a further 48h. Culture supernatants were collected and total RNA and cDNA prepared, as described below.
Isolation of human osteocytes
Osteocytes were isolated directly from human KOA bone samples (n = 4), according to our published protocol [25] . Briefly, bone obtained from TKA was rinsed vigorously in sterile PBS and then subjected to six serial digestions of collagenase/dispase/EDTA, with intervening recovery of released cells by centrifugation and washing in PBS. The cells obtained from digests 4-6, corresponding to an osteocyte-enriched fraction [25] were pooled, washed twice further by centrifugation and resuspension in PBS and then seeded into 8-well glass bottomed chamber slides. After allowing cells to recover for 72h, they were either immunostained or pretreated with PPS and then treated with combinations of PPS and rhTNFα, as indicated.
Gene expression analysis
Total RNA was prepared from Trizol lysates, according to the manufacturer's instructions, with the exception that due to evidence for PPS interference in the generation of assayable cDNA, RNA precipitates were washed 3 times in 75% ethanol instead of the usual single wash step, in an attempt to remove residual PPS. RNA preparations were tested for yield and purity using a Nanodrop microvolume spectrophotometer (Thermo Fisher). One microgram of RNA from each sample was reverse transcribed using a Superscript™ II kit (Thermo Fisher), as per manufacturer's instructions. Real-time RT-PCR was performed for genes including Nerve Growth Factor (NGF), its receptors NTRK1 (TRKA) and NGFR (P75NTR), MMP13, RANKL, OPG, OCN, DMP1 and SOST, relative to housekeeping gene (ACTB) expression. Oligonucleotide primer sequences for each of these are shown in Table 1 .
ELISA analysis
Culture supernatants were stored frozen (-80˚C) until use, whereupon they were thawed at 4˚C, and assayed by ELISA for human NGF (Cat. No: EHNGF; Thermo Fisher Scientific) or proNGF (Cat. No: BEK-2226-2P; Biosensis) protein levels, as per the manufacturers' instructions.
Immunostaining
Cells seeded in 8-well chamber slides and differentiated for 28 days or freshly digested from bone were either untreated or treated with rhTNFα (1 ng/ml), PPS (50μg/ml; 'PPS50') or PPS50 + rhTNFα, as indicated. For immunostaining, media were removed and wells rinsed three times with PBS (pH 7.4). Cells were then fixed with 100μl of Histochoice (Sigma-Aldrich) tissue fixative for 1 hour at room temperature. After fixation, wells were rinsed twice with distilled H 2 O and stored at 4˚C until staining. Cells were blocked with 50μl of blocking buffer Table 1 . Human mRNA-specific oligonucleotide primer sequences.
Gene
Forward Primer Sequence Reverse Primer Sequence
5 0 -accggagctggagaacaaca-3 0 5 0 -gctgtactcggacacgtctt-3 0 (5% v/v normal rabbit serum in 1 x PBS) for 20 minutes at room temperature in a humid chamber. Cells were then rinsed with wash buffer (0.1% v/v normal rabbit serum in PBS) three times. Cells were stained with either mouse monoclonal antibody (MAb) anti-human NGF (25623; Thermo Fisher Scientific), anti-human NGFR (2F1C2; Thermo Fisher Scientific), anti-human TrkA (6B2; Thermo Fisher Scientific), or anti-human SOST (MAb 220902.11; R&D Systems, Minneapolis, MN, USA) primary antibodies and their respective isotype controls (IgG 1 ; MAb 1B5), diluted as indicated. Cells were incubated with primary antibody for 40 minutes at 4˚C. For unconjugated MAbs, chamber slides were then rinsed 3 x with wash buffer and 50μl of rabbit α-mouse Alexa-fluor secondary antibody (1:2000 dilution), also containing nuclear DAPI stain (1:2000 dilution; diamidino-2-phenylindole; Thermo Fisher) was added for 1h at room temperature. Wells were then washed three times with wash buffer. Finally, FluoroBrite DMEM (Life Technologies) was added to each well to image using confocal microscopy (FV3000 Confocal Microscope, Olympus Lifescience).
For double-labelling purposes, anti-NGF was directly conjugated to fluorescein isothiocyanate (FITC; Sigma Chemical Co., St. Louis, MO, USA). For this MAb 25623 was first dialysed against carbonate/bicarbonate buffer (1l; pH 9.6) at 4˚C overnight. FITC was dissolved to 1mg/ml in anhydrous DMSO. 15μl FITC solution was added to 100μg anti-NGF and the tube mixed on a rotator for 2 h at room temperature. Unbound FITC was removed using sizeexclusion chromatography on a Sephadex G-25 column (Pharmacia Biotech, Piscataway, NJ, USA). The absorbance of 0.5 ml fractions at 280nm and 492nm was determined using a Nano-Drop One spectrophotometer (Thermo Fisher Scientific) and the concentration of FITC-conjugated antibody determined by the formula: concentration (mg/ml) = A 280 -(A 492 x 0.35)/1.4. To remove aggregates, the antibody solution was centrifuged at 16,400 RCF for 15 minutes prior to use. As a positive control for immunostaining, we identified the small cell lung carcinoma cell line NCI-H266 (ATCC, Masassas, VA, USA) to be NGF-expressing using the Harmonizome database [28] . For these assays, FITC-conjugated X-63 MAb (Biosensis, Thebarton, SA, Australia) was used as a negative control; direct conjugates were incubated for 40 min, aspirated and the wells washed three times, as above.
Bone isolated from KOA patients was fixed, decalcified, embedded and sectioned, as described [18] . Bone sections (5 μm) were first heated at 60˚C for 15 min to melt excess paraffin and then dewaxed. For antigen retrieval, slides were then incubated in 10% formic acid in distilled water for 10 min, rinsed in PBS and then immunostained, as above.
Data and statistical analysis
Data were analysed by two-way analysis of variance (ANOVA) with Holm-Sidak's multiple comparison post-hoc tests using GraphPad Prism software (GraphPad Prism, La Jolla, CA, USA). Values for p < 0.05 were considered statistically significant.
Results and discussion
NGF expression by cultured osteocytes
Human primary osteoblasts isolated from the subchondral bone of patients undergoing TKA for osteoarthritis of the knee (KOA) or THA for neck of femur fracture (NOF) were cultured under differentiating conditions for a period of 28d [16] [17] [18] [19] [20] [21] 29] . Overall the NOF cultures mineralised to a significantly greater extent than KOA donors, as assayed by Alizarin Red staining (S1 Fig). The reason for this could relate either to the site harvested (proximal femur for NOF and subchondral proximal tibia for KOA), or more likely, to the dysregulated mineralisation evident in differentiating osteoblasts from patients with osteoarthritis, as we have previously reported for cells isolated from the proximal femur [22] . All KOA donors' cells displayed strong characteristics of pre-osteocytes/osteocytes by day 3, expressing appreciable mRNA for DMP1, SOST and OCN (Fig 1A-1C ). DMP1 and SOST mRNAs were expressed to a similar level overall based on delta-cycle threshold (ΔCT) values, while OCN mRNA was more abundantly expressed. The expression of DMP1 and OCN increased by D14 and then declined by D28, consistent with the acquisition of a mature osteocyte-like phenotype associated with loss of organelles and a decrease in the overall metabolic level [16, 30] . The expression of NGF mRNA was relatively abundant in these cultures, similar to that of OCN, from all donors' cells tested and mirrored that of the differentiation markers above, peaking at day 14 and declining by day 28 (Fig 1D) . Furthermore, all KOA donors' cells secreted appreciable full-length NGF protein detected in the supernatant (111.9 ± 48.8 pg/ml).
NGF expression by freshly isolated human osteocytes and in human bone
To examine NGF protein expression, we optimised staining of a directly conjugated anti-NGF antibody to NCI-H266 cells (Fig 2, top row) . NGF expression was also tested in cells obtained by sequential digestion from human KOA bone. We have published previously that fractions IV-VI obtained using this method are enriched for mature osteocytes [25] . As shown in Fig 2. (middle row), numerous cells in the osteocyte-enriched fractions stained brightly for NGF Osteocyte-derived pain mediators in knee osteoarthritis expression and co-stained for the osteocyte marker SOST/sclerostin. Furthermore, osteocyte expression of NGF was evident in stained sections of human KOA subchondral bone (Fig 2,  bottom row) . Together with the observations in differentiated cultures above, this is the first report to our knowledge of NGF expression by human osteocytes. A previous study using a fluorescence reporter system to identify NGF expression in mouse bone, reported osteoblast but not osteocyte expression of NGF in response to mechanical loading of the ulna [3] . It is possible that the reporter system used lacked the sensitivity to detect low levels of NGF, or that the difference observed is due to interspecies, relative age, skeletal site, stimulus (mechanical rather than pro-inflammatory), as well as the influence of osteoarthritis on osteocyte expression.
In an attempt to examine regulation of NGF protein expression in freshly isolated KOA osteocyte-like cells, they were treated with either rhTNF-α, PPS or a combination of these. NGF immunostaining was detected in all cases although cells exposed to rhTNF-α alone and PPS alone had qualitatively greater NGF expression than control, and cells treated with a combination of rhTNF-α and PPS showed qualitatively less staining (Fig 3) .
Due to the unpredictable yields of osteocytes from individual patients' bone, it is technically difficult to achieve identical and sufficient numbers of resulting adherent viable cells between wells for quantitative assessment of treatments. Furthermore, since NGF is a secreted protein, it is difficult to interpret intracellular levels. We therefore studied the quantitative regulation of NGF secretion into the supernatants of differentiated cultures of osteocyte-like cells.
Effect of PPS on TNF induced proNGF secretion
To examine further the effects of PPS on NGF expression, osteocyte-like cultures derived from three KOA donors were treated after 3 days pre-treatment with differing concentrations of PPS, with rhTNFα in the absence or presence of the pre-treatment concentration of PPS. Supernatants were collected 48h following treatment and subjected to ELISA analysis, as described in Materials and Methods. A study by Malerba and colleagues [9] demonstrated that the presence of the immature pro-protein form of NGF, proNGF, together with mature NGF in an experimental sample, imparted false readings in many commercially-available ELISAs for NGF, and these effects were to an unpredictable magnitude and direction. Therefore, in this study proNGF levels were measured in the treated supernatants, as described in Materials and Methods. As was observed for mature NGF protein, basal proNGF was detectable in all donor cell culture supernatants (Fig 4) . Recombinant human TNFα treatment significantly increased the levels of proNGF, consistent with the induction of NGF expression in response to this pro-inflammatory stimulus in an osteoarthritic setting [7, 31] . PPS strongly suppressed basal proNGF secretion in all donors' cells assayed at all of the PPS concentrations tested, down to 1 μg/ml. Important from a therapeutic viewpoint, PPS also strongly reversed the effect of rhTNF on proNGF secretion (Fig 4) , again at all concentrations tested. The concentrations of PPS chosen were based on those reported previously [24] . A study by Dawes et al. [32] reported plasma concentrations of PPS of approximately 1-3 μg/ml in volunteers injected subcutaneously with PPS, supportive that the effective doses used here have clinical relevance. However, the lack of a dose response in our assays can be considered a study limitation. Strikingly similar findings were made for NOF cells (S2 Fig), suggesting that NGF expression and its regulation by PPS may be a common feature of osteocytes between skeletal sites and pathologies.
Effect of PPS on TNFα-induced NGF mRNA expression
To examine whether the effects of PPS on NGF/proNGF expression were at the transcriptional level, we also examined NGF mRNA expression using real-time RT-PCR (Fig 5) . Exposure to TNFα increased the relative expression of NGF mRNA. PPS at both 0.1 and 1 μg/ml had no apparent effect on basal NGF mRNA levels. However, PPS at 1 μg/ml significantly reduced NGF expression in the presence of TNFα, suggesting that at least some of the effect of PPS on osteocytes is at the transcriptional level. This is consistent with a previous report that PPS acts as a transcriptional inhibitor of intracellular signalling pathways elicited by TNFα/TNF receptor signalling [13] .
This finding is consistent with the protein expression data and supports the hypothesis that PPS reverses the effects of proinflammatory mediators in KOA on the expression of mediators of pain. The expression by osteocytes of two of the known receptors for NGF was also examined by RT-PCR as well as immunohistochemistry. The expression of the high affinity receptor tropomyosin receptor kinase A (TrkA) was not detectable by RT-PCR in any donor's cells, consistent with a complete lack of signal by immunostaining/confocal microscopy (S3 Fig) .
The lack of expression of TrkA by human osteocytes is consistent with the findings of Castaneda-Corral et al., who reported that only neurons expressed detectable levels of this protein in mouse bone [33] . Very low levels of the NGF receptor P75NTR mRNA were however detected, although there was sporadic detection across the samples tested; as for TRKA, no detectable immunostaining for this molecule was observed (S3 Fig). These observations support the concept that NGF expression by osteocytes acts in a paracrine manner in the bone, with the most likely target cell being bone sensory neurons. Osteocyte-derived pain mediators in knee osteoarthritis
Conclusions
This study shows for the first time the effects of PPS on human primary osteocytes isolated from the subchondral bone in patients with osteoarthritis of the knee. It is also the first demonstration of the production and secretion of NGF/proNGF by this cell type. PPS inhibited basal and TNFα-induced levels of proNGF secretion and TNFα induced NGF mRNA expression. PPS also inhibited TNFα-induced levels of the collagenase MMP-13. Together, this provides evidence that PPS may act at multiple levels to suppress the release of NGF and potentially other pain mediators in the subchondral bone, to ameliorate pain associated with knee osteoarthritis. 
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